The synthesis, characterization and thermal behavior of new monomeric allylpalladium (II) complexes with dichalcogenoamidodiphosphinate anions are reported. The complexes ½Pdðg 3 -CH 2 CðRÞCH 2 ÞfR The crystal structures of complexes 1a, 1d and 2d have been reported and they consist of a six-membered PdE 2 P 2 N ring (E = S for 1a and Se for 1d and 2d) and an allyl group, C 3 H 4 R(R = H for 1a and 1d and Me for 2d). Thermogravimetric studies have been carried out for few representative complexes. The complexes thermally decompose in argon atmosphere to leave a residue of palladium chalcogenides, which have been characterized by PXRD, SEM and EDS.
Introduction
Platinum group metal chalcogenolates have been important in view of their rich reaction chemistry [1] [2] [3] [4] , structural diversity and relevance in catalysis [5] [6] [7] [8] . Of late, they have also gained much attention due to their possible role as single source molecular precursors for metal chalcogenides [9] [10] [11] [12] , which find extensive applications in catalysis [13] [14] [15] [16] [17] and material science [18] [19] [20] . Examples of the latter include manufacture of semiconductor and solar cells [18] , lithographic films/plates with high resolution [19] , optical disc recording films [20] , etc. The continuing drive for scaling down of the dimensions of these devices has motivated research into the design and development of molecular ''single source'' precursors for solid state materials. Single source precursors have several potential advantages over conventional MOCVD which uses dual-sources. The major advantages include limited pre-reactions, as there is only a single molecule in the supply stream and good quality films [21] . Furthermore, in single molecule precursors it should be possible to have a control over decomposition temperature by varying the design of precursor molecule and consequently, low growth temperatures should be accessible. Thus, there has been considerable interest in developing suitable precursor molecules which afford metal chalcogenides with cleaner depositions at low decomposition temperatures.
Dichalcogenoimidodiphosphinato anions [R 2 P(E)NP(E)-R 2 ]
À (R = alkyl/aryl; E = S, Se) are versatile ligands [22] , and their coordination chemistry has been the focus of substantial research over the last few years [23] [24] [25] [26] [27] . This is mainly due to the flexibility of the EPNPE system and large EÁ Á ÁE bite (ca 4 Å ), which results in various chelate ring conformations (planar, boat, chair, etc.). They are readily prepared and their properties can be finely tuned by varying the chalcogen and the substituents at phosphorus. The anion [R 2 P(E)NP(E)R 2 ]
À , closely related to acetylacetone (acac À ), forms many complexes with various metal ions and metal complexes incorporating such ligands have demonstrated improved thermal and chemical stability over traditional organic based ligands such as b-diketonate complexes [28] (which are susceptible to oxidation, polymerization and hydration) and thus are excellent candidates as single source precursors for CVD and quantum dot synthesis [29] [30] [31] [32] [33] [34] . We are interested in developing cleaner form of single source precursors having low decomposition temperatures for the preparation of platinum group metal chalcogenide materials. Earlier, we have reported organochalcogenide bridged allylpalladium (II) complexes which showed interesting thermal behavior and gave metal rich chalcogenides at moderately low temperatures [10] . The present investigation was undertaken in order to test the suitability of allyllpalladium (II) dichalcogenodiphosphinato complexes as single source precursors for the preparation of palladium chalcogenides. The only previously known allylpalladium (II) complexes with dichalcogenoimidodiphosphinato anions [R 2 P(E)NP-(E)R 2 ] À (R = alkyl/aryl; E = S, Se) are 1c and 1d reported by Bhattacharyya et al. [35] and obtained by reacting chloro-bridged allylpalladium dimers with potassium salt of ligands. In this work, we report a different way to synthesize 1c, 1d and other complexes with dichalcogenoimidodiphosphinato ligands, their characterization and thermal behaviour. We also report, for the first time, 13 1 H} NMR spectra for 1b, 1d, 2b and 2d show doublets due to coupling with phosphorus nucleus and are deshielded with respect to the signals for free ligands (See Section 4). In the IR spectra, m(P 2 N) bands for the complexes appear in the range 1210-1225 cm À1 , m(P-S) band appear in the range 550-574 cm À1 and m(P-Se) band appear in the range 475-540 cm À1 . These frequency shifts are consistent with an increase in P-N bond order and decrease in P-S/Se bond order associated with the formation of [R 2 PE) 2 
N]
À ion in complexes [39] .
Crystal structures of 1a, 1d, 2d
The molecular structures of 1a, 1d and 2d (Figs. 1-3, respectively) consist of a six-membered PdE 2 P 2 N ring (E = S for 1a and Se for 1d and 2d) and an allyl group, C 3 H 4 R (R = H for 1a and 1d and Me for 2d). Key bond lengths and bond angles for 1a, 1d and 2d are given in Tables   1-3 , respectively. The Pd-S distances in 1a ( (9) and 2.3654(9) Å ) [35] . The Pd-Se distances in 1d (Table 2 ) (2.4711(10) and 2.4799(11) Å ) and 2d (Table 3) There is a general lengthening of the P-E bonds and a shortening of the P-N bonds in 1a, 1d and 2d with respect to known 
Thermal studies
Thermogravimetric analyses of 2a, 2b and 2d have been carried out in flowing argon atmosphere and the results are summarized in Table 4 . From TG analysis it is found that the complexes decompose in two steps. For 2d, the mass loss in the first step corresponds to the loss of allyl moiety and in the second step corresponds to the loss of [(R 2 P) 2 N] (R = Ph) moiety leaving the residue PdSe 2 . A further loss of selenium is observed upto 650°C (although not a distinct step is observed) leaving a residue of non-stoichiometric palladium selenide, Pd 17 Se 15 corresponding to total weight loss of 73.8%. This has been confirmed by bulk thermolysis of 2d in furnace at 500°C under an argon atmosphere. However, the complexes, 2a and 2b containing [NðEPPr
À (E = S(2a) or Se(2b)) partly evaporate and partly decompose leaving a small amount of PdS 2 and Pd 17 Se 15 , respectively. The typical TG traces for two representative complexes are shown in Fig. 4 .
Thermal decomposition of the complexes
Thermolyses of the complex 2b at 300°C and of 2d at 500°C at a rate of 5°C min À1 in a furnace under an argon atmosphere were carried out and palladium selenide with the composition Pd 17 Se 15 was obtained in each case. X-ray diffraction patterns of the products obtained compared well with the pattern reported for palladium selenide Pd 17 Se 15 and indexing of lattice parameter patterns of XRD indicate the formation of cubic phases [43] . Fig. 5 shows the XRD spectrum of the powder obtained from thermolysis of 2b. The average crystallite size of 45 nm was estimated with the Scherrer equation for the particles derived from complex 2b. The surface morphology of the particles obtained has been studied by SEM technique. The scanning electron micrographs of Pd 17 Se 15 ( Fig. 6 ) taken at different resolutions showed aggregates of microcrystals. The aggregates are spherical in shape and their size varied between 120 and 200 nm (Fig. 6) . The chemical composition of the products has been verified by energy dispersive X-ray spectroscopy (expected wt% for Pd 17 
Experimental

General experimental details
All the reactions were carried out under an atmosphere of dry argon using standard Schlenk techniques. Solvents were distilled from the appropriate drying agents and degassed before use. The chloro-bridged allylpalladium Table 1 Selected bond length and bond angles for 1a
2.134(6) P ( Table 2 Selected bond length and bond angles for 1d Table 3 Selected bond length and bond angles for 2d
Pd ( under a flow of nitrogen gas. X-ray powder diffraction data were collected on a Philips X-ray diffractometer (Model PW 1729) using Cu Ka radiation (k 1.54060 Å ) at 30 kV and 20 mA. SEM micrographs of the samples were obtained using a Vega MV2300t/40 scanning electron microscope. EDS (energy dispersive spectroscopy) analyses were carried out using a Inca Energy 250 instrument coupled to Vega MV2300t/40 scanning electron microscope.
Synthesis of complexes
The same general method was used to synthesize all the complexes, 1a-1d and 2a-2d. It consists of the reaction between allyl(acetylacetonato) palladium (II) complex and dichalcogenoimidodiphosphinic acids as illustrated by one specific example.
Synthesis of ½Pdðg
3 -CH 2 CðCH 3 ÞCH 2 Þ-fPr Solid Tl(acac) (0.840 g, 2.76 mmol) was added to a degassed acetonitrile (50 ml) solution of [Pd(l-Cl)(g 3 -CH 2 C(CH 3 )CH 2 )] 2 (0.54 g, 1.37 mmol) at 0°C. After it was stirred for 30 min at 0°C, an acetonitrile (10 ml) solution of NHðSePPr 1 2 Þ 2 (1.10, 2.70 mmol) was added to it. The resulting mixture was stirred at room temperature for 0.5 h and then filtered through a small Celite pad. The filtrate was evaporated to dryness under reduced pressure and the residue was recrystallised from acetonitile-ether mixture at À10°C to obtain complex 2b as reddish-brown solid. The product was collected by suction filtration. Yield: 0.74 g, 95%. 
NMR data
X-ray structure determinations
Crystals of the complexes 1a, 1d and 2d suitable for X-ray study were obtained by slow evaporation of their acetonitrile solutions. X-ray crystallographic data were collected from single-crystal samples of 1a (0.35 · 0.20 · 0.15 mm 3 ) at 293 K on a Nonius MACH 3 diffractometer employing Mo Ka radiation (0.71073 Å ). The unit cell parameters for 1a, 1d and 2d were obtained using 25 centered reflections in the h range 5.4800-13.0400 (1a), 11.2500-14.1200 (1d), 11.2700-14.0600 (2d). Relevant crystallographic data and structure refinements details are given in Table 5 . The intensity data were collected by x À 2h scan mode, and corrected by Lorentz Polarization and absorption effects using Psi-Scan (w-scan). The structure was solved by direct methods (SHELXS) and refined by full-matrix least squares against F 2 using SHELXS-97 software [50] . Non-hydrogen atoms were refined with anisotropic thermal parameters. All hydrogen atoms were geometrically fixed and allowed to refine using a riding model.
Thermolysis procedure
Bulk thermolyses of 2b and 2d were performed at 300°C and 500°C, respectively, by heating 0.4 g of each in a quartz boat at a rate of 5°C min À1 from 25 to 300/ 500°C under high purity argon. Once at the required temperature (300°C for 2a and 500°C for 2d), an isotherm was maintained for 2 h before allowing the sample to cool to room temperature. The products for both 2b and 2d were dull black materials which formed coarse black shiny powders upon grinding. The typical yields obtained were 60% (2b) and 89% (2d), respectively.
Supplementary material
Crystallographic data for the structural analyses have been deposited with the Cambridge Crystallographic Data Centre, CCDC no. 608125 (1a), 608126 (1d) and 608127 (2d). Copies of this information may be obtained free of charge from The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, fax: +44 1223 336033; e-mail: deposit@ccdc.ac.uk or www: http://www. ccdc.cam.ac.uk.
